Results on the energy dependence of charged pion and kaon production in central Pb+Pb collisions at 40, 80 and 158 A·GeV are presented and compared with data at lower and higher energies. The mean pion multiplicity increases approximately linearly with s 1/4 with a change of slope around
I. INTRODUCTION
The primary purpose of the heavy ion programme at the CERN SPS is the search for a transient deconfined state of strongly interacting matter during the early stage of nucleus-nucleus collisions [1] . When a sufficiently high initial energy density is reached, the formation of such a state of quasi free quarks and gluons, the quark gluon plasma (QGP), is expected. A key problem is the identification of experimental signatures of QGP creation [2] . Numerous proposals were discussed in the past [3] , but the significance of these signals has come under renewed scrutiny. A possible, promising strategy is a study of the energy dependence of pion and strangeness yields. It was suggested [4, 5] that the transition may lead to anomalies in this dependence: a steepening of the increase of the pion yield and a non monotonic behaviour of the strangeness to pion ratio. The spacetime evolution of the created fireball [6] and the event-by-event fluctuations [7] may also be sensitive to crossing the transition region.
First experimental results from Pb+Pb (Au+Au) collisions at top SPS (158 A·GeV) and AGS (11 A·GeV) energies have suggested [4] that anomalies in pion and strangeness production may be located between these energies. The study of this hypothesis is the motivation for a dedicated energy scan at the CERN SPS [8] . Within this ongoing project NA49 has recorded central Pb+Pb collisions at 40 and 80 A·GeV during the heavy ion runs in 1999 and 2000, respectively. The data at the top SPS energy (158 A·GeV) were taken in previous SPS runs. In this paper we report final results on the energy dependence of charged pion and kaon production. A preliminary analysis was presented in Refs. [9, 10] .
Pseudorapidity spectra of charged particles produced in Pb+Pb collisions at 40 and 158
A·GeV were recently published by the NA50 experiment [11] .
The energy scan programme at the CERN SPS will be completed in 2002 by taking data at 20 and 30 A·GeV.
II. EXPERIMENTAL SET-UP
The NA49 experimental set-up [12] is shown in Fig. 1 . It consists of four large volume Time Projection Chambers (TPCs). Two of these, the Vertex TPCs (VTPC-1 and VTPC-2), are placed in the magnetic field of two super-conducting dipole magnets. This allows separation of positively and negatively charged tracks and a precise measurement of the particle momenta p with a resolution of σ(p)/p 2 ∼ = (0.3−7)·10 −4 (GeV/c) −1 . The other two TPCs (MTPC-L and MTPC-R), positioned downstream of the magnets were optimised for high precision measurement of the ionization energy loss dE/dx (relative resolution of about 4%) which provides a means of determining the particle mass. The acceptance of these TPCs starts at midrapidity for kaons. The particle identification capability of the MTPCs is augmented by two Time of Flight (TOF) detector arrays with a resolution σ tof ∼ = 60 ps. The combined TPC and TOF information allows for the measurement of charged kaon spectra at midrapidity. In order to optimise the NA49 acceptance at 40 and 80 A·GeV the magnetic fields in the VTX-1 and VTX-2 magnets were lowered in proportion to the beam energy. The setting at 158 A·GeV was: B(VTX-1) ∼ = 1.5 T and B(VTX-2) ∼ = 1.1 T. Data were taken for both field polarities.
The target, a thin lead foil (224 mg/cm 2 , ∼ =1% of the interaction length), was positioned about 80 cm upstream from VTPC-1.
Central collisions were selected by a trigger using information from a downstream calorimeter (VCAL), which measured the energy of the projectile spectator nucleons. The geometrical acceptance of the VCAL calorimeter was adjusted for each energy in order to cover the projectile spectator region by a proper setting of a collimator (COLL) [12, 13] .
III. ANALYSIS
Raw K + and K − yields were extracted from fits of the distributions of dE/dx and tof (where available) in narrow bins of momentum and transverse momentum p T . The resolution of the dE/dx measurement alone allows for hadron identification in the region p > 4 GeV/c, i.e. above midrapidity for kaons. The spectra at midrapidity are obtained using combined dE/dx and tof information (tof + dE/dx analysis). The resulting distributions were then corrected for geometrical acceptance, losses due to in-flight decays and reconstruction efficiency. The first two corrections are calculated using the detector simulation package GEANT [15] . The procedure used for the efficiency calculation is discussed below, in the context of the pion analysis.
For pions the acceptance of the dE/dx method is limited to the high p T region around midrapidity and therefore a somewhat different procedure was used to obtain their spectra.
Yields of all negatively charged particles were determined as a function of rapidity (calculated assuming the π-mass) and p T and corrected for the geometrical acceptance. The contamination of K − , p and e − from the interaction vertex as well as non-vertex hadrons originating from strange particle decays and secondary interactions was subtracted. (The π + spectra were not analysed, because the positive particles have a significant contribution of protons.) Two different methods were used here. In the first one each track measured in the TPCs was extrapolated back to the target plane. The distance between the track and the interaction vertex was calculated in this plane (track impact parameter). The impact parameter distributions were used to establish cuts for selection of tracks from the interaction vertex and to estimate the contribution of remaining non-vertex tracks. A correction for K − contamination was calculated using parametrised K − spectra. In the second method all tracks fitted to the interaction vertex were accepted. The necessary corrections were calculated based on a VENUS [14] simulation of central Pb+Pb collisions. The VENUS events were processed by GEANT [15] and the NA49 software which simulates the TPC response and produces files in the raw data format. These events were reconstructed and the reconstructed tracks were matched to the VENUS input. The obtained correction was scaled by a factor which matches the simulated VENUS and the measured hadron yields. The corrections determined using both methods are compatible and amount to 20-25%. The VENUS based correction is used for the data presented in this paper.
The final spectra were also corrected for inefficiencies in the tracking and losses due to quality cuts. These losses were determined using the 'embedding' method. Events containing a few tracks were generated and processed by the simulation software. The resulting raw data were embedded into real events. The combined raw data were reconstructed and the input tracks were matched with the reconstructed ones. The calculated inefficiencies are about 5%.
In order to reduce the systematic errors, the analysis has been restricted to regions of phase space where the background and efficiency corrections are small and approximately uniform. The systematic errors were estimated to be below 10%. This estimate is based on the comparison of results obtained using different detectors (TOF, TPC), and varying cuts and correction strategies (see above). Additionally, data taken at the two magnetic field polarities were analysed and the results were found to agree within 5%. Note that the same experimental procedure was used to obtain results at all three energies. Thus to a large extent the systematic uncertainties are common for the NA49 measurements.
The average number of wounded nucleons [16] N W (the notation . . . will be used to denote the mean multiplicity in full phase space throughout the paper) as given in Table I was not directly measured but it was calculated using the Fritiof model [17] . From all generated events a fraction with the smallest number of projectile spectators was selected.
The cut on the number of projectile spectators was adjusted such that the selected fraction was equal to the fraction of all inelastic interactions accepted by the central trigger. The value of N W was then calculated for the Fritiof Pb+Pb collisions selected in this way.
Finally it was checked that the N W value for central Pb+Pb collisions at 158 A·GeV agrees (within several per cent) with the number of net baryons determined [18] in the participant domain (in the rapidity interval −2.6 < y < 2.6) for these collisions.
Note that in this paper y denotes the rapidity of a particle in the collision c.m. system. Table I summarises the parameters characterising the data samples used in this analysis.
IV. RESULTS

Spectra of transverse mass m T = p 2
T + m 2 (m is the rest mass of the particle) for 
to the data in the range 0.2 GeV < m T − m < 0.7 GeV. The values obtained for the inverse slope parameter T are presented in Table II . The T parameter is smaller for pions than for kaons. A weak increase of T with increasing energy is suggested by the pion data, whereas no significant change is seen for kaons.
The rapidity distributions dn/dy plotted in Fig. 3 were obtained by summing of the measured m T spectra and using the fitted exponential function (Eq. 1) to extrapolate to full m T . For most bins the necessary correction is small ( ∼ = 5%). The values of dn/dy at midrapidity (|y| < 0.6) are given in Table II . An increase of rapidity density with energy is seen for all particles. The rapidity spectra were parameterised by the sum of two-Gauss distributions placed symmetrically with respect to midrapidity:
The results of the fits are indicated by solid lines in Fig. 3 and the obtained values of the parameters N, y 0 and σ are given in Table III . Since both y 0 and σ increase with increasing energy, the width of the observed rapidity distributions clearly increases with energy. The mean multiplicities in full phase space were calculated by integrating the parametrised rapidity spectra. The resulting numbers are given in Table II . The mean multiplicity of π + mesons given in Table II [19] .
V. ENERGY DEPENDENCE
The energy dependence of the mean pion multiplicity π = 1.5·( π + + π − ) is shown in Fig. 4 . In this figure the ratio π / N W is plotted as a function of the collision energy, expressed by Fermi's measure [20] : [4, 21, 22] and to a compilation of data from p+p(p) interactions (see references in [4] ).
One observes that the mean pion multiplicity in p+p(p) interactions is approximately proportional to F ; the dashed line in Fig. 4 indicates a fit of the form π / N W = a · F to the data, yielding a = 1.025 ± 0.005 GeV −1/2 . In the case of central A+A collisions the dependence is more complicated. Below 40 A·GeV the ratio π / N W in A+A collisions is lower than in p+p interactions (pion suppression), although the slopes of the dependence on F are similar. An increase of the slope is observed at about 40 A·GeV and at higher energies the π / N W ratio is higher in A+A collisions than in p+p(p) interactions (pion enhancement). Starting from the top CERN SPS energy up to RHIC energies [22] the π / N W ratio increases again in proportion to F . The fit to the 158 A·GeV data point and RHIC results (solid line in Fig. 4 ) yields a slope parameter a = 1.34 ± 0.06 GeV −1/2 .
The transition from pion suppression to pion enhancement is demonstrated more clearly in the insert of Fig. 4 , where the difference between the π / N W ratio for A+A and in the low (AGS [21] ) energy region is followed by a rapid turnover (around 40 A·GeV) into a decreasing trend. For comparison the results on the K + / π + ratio in p+p interactions [4] are also shown in Fig. 6 . The p+p data have rather large error bars [4] , but suggest a monotonic increase of the ratio. It should be noted that the energy dependence of the K + / π + ratio is expected to be approximately (within of about 10%) independent of the charge composition of colliding nuclei [24] .
The energy dependence of the K − /K + ratio at midrapidity is shown in Fig. 7 . The ratio increases with √ s from about 0.15 at low AGS energy [21] to about 0.5 at SPS energies and reaches about 0.9 at RHIC [23] .
The difference between the dependence of K + and K − yields on √ s can be attributed to their different sensitivity to the baryon density. Kaons (K + and K 0 ) carry a dominant fraction of all produced s-quarks (more than 95% in Pb+Pb collisions at 158 A·GeV if open strangeness is considered). Therefore the K + yield ( K + ∼ = K 0 in approximately isospin symmetric collisions of heavy nuclei) is nearly proportional to the total strangeness production and only weakly sensitive to the baryon density. As a significant fraction of s-quarks (e.g. about 50% in central Pb+Pb collisions at 158 A·GeV) is carried by hyperons, the number of produced antikaons (K − and K 0 ) is sensitive to both the strangeness yield and the baryon density.
In Fig. 8 an alternative measure of the strangeness to pion ratio, E S = ( Λ + K + K )/ π , is plotted as a function of F for A+A collisions [21] and p+p interactions [4] . For A+A collisions the Λ multiplicity, when not published, (e.g. for the NA49 points) was estimated as Λ = ( K + − K − )/0.8, based on strangeness conservation and approximate isospin symmetry of the colliding nuclei [24] . The wealth of data on Λ and K 0 S production in p+p interactions [4] allows a much more precise determination of E S (open circles in Fig. 8 ) than of the K + / π + ratio (open circles in Fig. 6 ). By construction, E S should be almost independent (an expected variation of several per cent) of the charge composition of colliding nuclei. One may conclude from Figs. 6 and 8 that a non-monotonic energy dependence (or a sharp turnover) of the total strangeness to pion ratio appears to be a special property of heavy ion collisions, which is not observed in elementary interactions.
VI. COMPARISON WITH MODELS
The energy dependence of pion and strangeness yields was discussed within various approaches to nucleus-nucleus collisions. In this section we summarise the published results.
The Statistical Model of the Early Stage (SMES) [5] is based on the assumption that the system created at the early stage (be it confined matter or a QGP) is in equilibrium and a transition from a reaction with purely confined matter to a reaction with a QGP at the early stage occurs where the transition temperature T C is reached. For T C values of 170-200 MeV the transition region ranges between 15-60 A·GeV [5] .
Due to the assumed generalised Fermi-Landau initial conditions [25, 5] the π / N W ratio in the model increases approximately linearly with F outside the transition region.
The slope parameter is proportional to g 1/4 [26] , where g is an effective number of internal degrees of freedom at the early stage. In the transition region a steepening of the pion energy dependence is expected, because of activation of a large number of partonic degrees of freedom. This is, in fact, observed in the data on central Pb+Pb (Au+Au) collisions, where the steepening takes place in the range of low CERN SPS energies, close to 40 A·GeV (see Fig. 4 ). The linear dependence on F is obeyed by the data at lower and higher (including RHIC) energies. An increase of the slope by a factor of about 1.25 is measured (see Sect. V), which corresponds to an increase of the effective number of internal degrees of freedom by a factor of 1.25 4 ∼ = 2.5, within the SMES. The final results presented here confirm an early estimate [26] which was made when much less data was available.
The K + / π + and E S ratios are roughly proportional to the total strangeness to entropy ratio which, in the SMES model, is assumed to be preserved from the early stage till freeze-out. At low collision energies the strangeness to entropy ratio steeply increases with collision energy, due to the low temperature at the early stage (T < T C ) and the high mass of the carriers of strangeness (m S ∼ = 500 MeV, the kaon mass) in the confined state. When the transition to a QGP is crossed (T > T C ), the mass of the strangeness carriers is significantly reduced (m S ∼ = 170 MeV, the strange quark mass). Due to the low mass (m S < T ) the strangeness yield becomes (approximately) proportional to the entropy, and the strangeness to entropy (or pion) ratio is independent of energy. This leads to a "jump" in the energy dependence from the larger value for confined matter at T C to the QGP value. Thus, within the SMES, the measured non-monotonic energy dependence of the strangeness to entropy ratio followed by a saturation at the QGP value (see Figs. 6 and 8) is a direct consequence of the onset of deconfinement taking place at about 40 A·GeV.
Numerous models have been developed to explain reactions of heavy nuclei without explicitly invoking a transient QGP phase. The simplest one is the statistical hadron gas model [27] where independent of the collision energy the hadrochemical freeze-out creates a hadron gas in equilibrium [28] . The temperature, baryon chemical potential and hadronization volume are free parameters of the model, which are fitted to the data at each energy. In this formulation, the hadron gas model does not predict the energy dependence of hadron production. Recently, an extension of the model was proposed, in which it is assumed that the values of the thermal parameters (temperature and baryon chemical potential) evolve smoothly with the collision energy [29] . The energy dependence calculated within this extended hadron gas model for the K + / π + ratio is compared to the experimental results in Fig. 9 . Due to its construction, the prevailing trend in the data is reproduced by the model, but the decrease of the ratio between 40 and 158 A·GeV is not well described. The measured strangeness to pion yield in central Pb+Pb collisions at 158 A·GeV is about 25% lower than the expectation for the fully equilibrated hadron gas [29, 30] .
Several dynamical hadron-string models have been developed to study hadron production in A+A collisions. These models treat the elementary collisions within a stringhadronic framework as a starting point. The models are then extended with effects which are expected to be relevant in A+A collisions (such as string-string interactions and hadronic rescattering). The predictions of RQMD [31, 32] and UrQMD [33, 34] models are shown in Fig. 9 . It is seen that RQMD, like the hadron gas model, fails to describe the decrease of the K + / π + ratio in the SPS energy range. The UrQMD model predicts a ratio which, above √ s ∼ = 5 GeV, does not show any sizable energy dependence and which is significantly lower (e.g. by about 40% at 40 A·GeV) than the data. This is mainly due to the fact that UrQMD overestimates pion production at SPS energies by more than 30% [34] .
The RQMD prediction of the energy dependence of the K + /π + ratio at midrapidity is shown in Fig 10. The model also fails to reproduce these results. In addition, Fig. 10 presents the prediction of the HSD model [35] (another version of the dynamical hadronstring approach) which shows a monotonic increase of the K + /π + ratio with energy. This trend is very different from the measured one.
VII. SUMMARY
Results on charged pion and kaon production in central Pb+Pb collisions at 40, 80 and 158 A·GeV were presented. The change from pion suppression at low collision energies to pion enhancement at high energies is located to occur at about 40 A·GeV. A non-monotonic energy dependence of the K + / π + ratio is observed. A maximum is found close to 40 A·GeV followed by a nearly constant value at higher energies. The observed behaviour can be understood within a Statistical Model of the Early Stage of nucleusnucleus collisions if the assumption is made that a transient state of deconfined matter is created in Pb+Pb collisions for energies larger than about 40 A·GeV. Models which do not include this assumption do not properly reproduce the measured energy dependence of pion and strangeness production. 
